We argue that surface plasmons in moiré graphene feature an interesting regime in which Landau damping (dissipation via electron-hole pair excitation) is completely quenched. This surprising behavior is made possible by strong coupling in narrow-band systems, characterized by large values of the "fine structure" constant α = e 2 / κvF. Dissipation quenching occurs when dispersing plasmon modes rise above the particle-hole continuum, extending into the forbidden energy gap which is completely free of particle-hole excitations. The effect is predicted to be prominent in magic twist angle moiré graphene, where flat bands feature α 1. The absence of Landau damping enhances optical coherence, leading to speckle-like interference and other striking signatures in moiré graphene plasmonics that are directly accessible in ongoing near-field imaging experiments.
Landau damping, a process by which collective mode decays into electron-hole pairs, is often regarded as an inherent attribute of graphene plasmon excitations [1] [2] [3] [4] [5] .
Here we predict extinction of this dissipation mechanism in materials with narrow electron bands such as twisted bilayer graphene (TBG) [6] [7] [8] [9] [10] . Intrinsically undamped plasmons in narrow-band materials arise due to large fine structure parameter values α = e 2 / κv F : strong interactions push plasmon dispersion into the energy gap above the particle-hole (p-h) continuum, as illustrated in Fig.1 . As discussed below, in this region plasmons are decoupled from particle-hole pair excitations. Dissipation quenching, which is a surprising manifestation of strong interactions, is a robust effect that is insensitive to temperature and disorder (see Fig.1b ,c,d and Fig.2 ). Collective charge modes which are damping-free are of keen interest for Quantum Information Science as a vehicle to realize dissipationless photon-matter coupling, high-Q resonators, single-photon phase shifters and other missing components for photon-based Quantum Information Processing toolbox [11] . While extinction of Landau damping is a completely general effect, present in all narrow electron bands, our analysis will focus on TBG flat bands, a system of high current interest [12] [13] [14] [15] [16] in which undamped plasmons can be directly probed.
The new behavior is illustrated in Fig.1 , showing plasmon mode for a narrow-band model that mimics the key features of the TBG band as described below. Mode dispersion (red line) is conventional at energies less than the bandwidth, ω W . At lowest energies, plasmon mode is positioned outside the p-h continuum; this suppresses the T = 0 Landau damping, but does not protect the mode from decaying into p-h excitations through disorder scattering or from the conventional T > 0 Landau damping [1, 2, [17] [18] [19] [20] [21] . At higher energies, ω ∼ 2E F (marked by arrow in Fig.1 ), the mode plunges into p-h continuum and is Landau-damped at 2E F ω 2W even at T = 0. However, a dramatic change occurs once the mode rises above the p-h continuum. In the forbidden gap region, ω > 2W , it becomes damping-free, since at these energies there are no free e-h pairs into which plasmon could decay. This behavior is manifest in the (10) . Parameter values are chosen to mimic TBG bands (bandwidth W = 3.75 meV, lattice period LM = 13.4 nm, Fermi energy in the conduction band at EF ≈ 1.81 meV); log scale is used to clarify the relation between different features. Arrows mark the interband p-h continuum edges. Plasmon dispersion (red line) is fitted with ωp(q) = βqq, (1) (dashed line). The difference between Landau-damped (b) and undamped behavior (c) is illustrated by linecuts of plasmon resonances at the locations marked in panel (a), taken at temperatures T /EF = 0, 0.075, 0.1, 0.2, 0.3, 0.4. Resonances broaden with T in (b) and are T -independent in (c) [the residual resonance width models extrinsic damping due to phonons and disorder [24] [25] [26] [27] ]. Resonances at the three lowest T values in (c) are slightly offset for clarity. (d) Speckle pattern in scanning near-field microscopy signal [4, 5] S(r), (3), due to undamped plasmons; optical coherence is manifest in Fourier spectrum |S k | 2 (inset). Results shown are for plasmon momentum q0 = qM /2 ≈ 0.14 nm −1 , where qM is the distance between points M and Γ, and disorder modeled as 40 randomly placed delta functions.
T dependence of the resonances, which are washed out with increasing temperature at ω W but remain sharp at ω > W even at T ∼ E F (Fig.1 panels b and c) .
As we will see, mode dispersion has a square-root form characteristic of two-dimensional (2D) plasmons, [22, 23] 
with a weak q dependence in β q , see (14) . This expression, however, is valid not just at low energies 0 < ω W but also at higher energies, ω W , where the mode is undamped. While the dispersion in (1) is of the conventional 2D plasmon form, we emphasize that here it takes on a new role, as it describes the plasmon mode at frequencies much higher than the carrier bandwidth, extending to
where we use typical α values for flat bands in magicangle moiré graphene. Another difference from conventional plasmons is that the dispersion in (1) is not limited to long wavelengths. Indeed, as illustrated Fig.1a , it extends to wavenumbers which are on the order of the superlattice Brillouin zone width. Furthermore, the wavelengths of the undamped plasmons are only 2-3 times greater than the moiré superlattice period. Such short wavelengths are of great interest for plasmonics and are within resolution of the stateof-the-art scanning near-field microscopy techniques [4, 5] [currently as good as 10nm [29, 30] ]. In addition to measuring plasmon dispersion, these techniques can be used to directly visualize the qualitative change in the damping character and strength. Enhanced optical coherence will manifest itself in striking speckle-like interference, as illustrated in Fig.1 panel d) and Fig.2 .
Indeed, because of the absence of Landau damping at the energies of interest, ω > W , and also because these energies are smaller than carbon optical phonon energies, the dominant dissipation mechanism will be elastic scattering by disorder. At low energies, where plasmon mode coexists with p-h continuum, disorder scattering mostly assists Landau damping, allowing plasmons to decay into p-h pairs by passing some of their momentum to the lattice. However, at the energies above p-h continuum, ω > W , where decay into e-h pairs is quenched, disorder will lead to predominantly elastic scattering among plasmon excitations. Such scattering preserves optical coherence and is expected to produce speckle patterns in spatial near-field images, as illustrated in Fig.1d .
To model this behavior we consider the signal S(r), excited by the scanning tip and measured at the same location. Monochromatic plasmon excitation at energy E is scattered by impurities or defects, and, upon returning to the tip, produces signal where η(r) is the disorder potential, J 0 is excitation amplitude, and G E (r) is the Green's function of the plasmon excitation (see supplemental information). The spatial signal, Fig.1d , exhibits a characteristic speckle pattern familiar from laser physics. In graphene plasmonics, speckle-like interference provides a direct manifestation of optical coherence enhancement in the absence of Landau damping. Accordingly, the Fourier transform of the image, S k = d 2 rS(r)e −ikr , yields power spectrum |S k | 2 that features a ring-like structure; the ring of radius k = 2q 0 , where q 0 is the plasmon excitation wavenumber (see Fig.1d inset). Simple calculation, described in supplemental information, predicts a sharp peak at the ring:
where δ is a parameter characterizing extrinsic damping due to phonon scattering and other inelastic processes.
In the fully coherent regime (δ = 0) the quantity |S k | 2 exhibits a power law singularity at the ring, k = 2q 0 . As the amount of incoherent scattering increases, the peak is gradually washed out. This behavior is illustrated in Fig.2 . We note that recent work [15] analyzed interband plasmon excitations in TBG dominated by polarization of the bands above the flat band, which are distinct from the flat-band plasmons analyzed here. Recent experiment [16] reported observation of plasmons in TBG, however their appeal for constructing intrinsically protected collective modes remained unnoticed in graphene literature. Also, plasmons in narrow bands were analyzed in the context of high-T c superconductivity [28] , finding that plasmon mode can rise above the flat band. However, in cuprates, unlike moiré graphene, the narrow band is not separated from higher bands by a forbidden energy gap, and thus the modes such as those studied in Ref. [28] will plunge into a higher band before acquiring an undamped character. Our prediction of the intrinsically undamped plasmons in TBG and their potential subsequent observation therefore constitute an uncharted territory.
Next, we present analysis of the hexagonal-lattice toy model that mimics the key features of Landaudamped and intrinsically undamped modes in TBG. The hexagonal-lattice tight binding model possesses the same symmetry and the same number of sub-bands as the flat band in TBG. We match the energy and length scales by choosing the width of a single band W and the hexagonal lattice period L M identical to the parameters in TBG: W = 3.75 meV and L M = a/2 sin(θ/2) is the moiré superlattice periodicity. For the magic angle value θ = 1.05, using carbon spacing a = 0.246 nm, this gives L M = 13.4 nm. To ensure that a unit cell of the toy model accommodates 4 electrons just as the moiré cell does in TBG, we make the toy model fourfold degenerate. Comparison to plasmons for the actual TBG model, presented below, will help us to identify the features which are general, as well as those which are a specific property of TBG.
Our nearest-neighbor tight-binding Hamiltonian is
with the hopping matrix element W/3 to nearest neighbors at positions
Here W is the bandwidth measured from Dirac point and the nearest neighbor distance L M / √ 3 is chosen such that the lattice period of the hexagonal toy model matches the moiré superlattice period. Corresponding energies E s,k and eigenstates Ψ s,k are then
where ϕ k = arg h k and the band index s = ± labels the conduction and valence band. Plasmons can be obtained from the nodes of the complex dielectric function, describing the dynamical response of a material to an outside electric perturbation,
Here V q = 2πe 2 /κq is the Coulomb interaction in a medium with a background dielectric constant κ and Π(ω, q) is the electron polarization function. Within the random phase approximation, this quantity is given by
Here summation k denotes integration over the Brillouin zone (BZ), the indices s, s run over the electron bands and the factor of 4 in front of the summation accounts for the fourfold degeneracy of the toy model. Here f s,k is the equilibrium distribution 1/(e β(E s,k −EF) + 1), and F ss k+q,k describes band coherence factors. For our toy model
where Ψ s,k are pseudospinors given in (6).
As we now show, an analytic expression for plasmon dispersion can be obtained, describing both the Landaudamped and the undamped cases in a unified way. We first rewrite (8) by performing a standard replacement k + q → −k in the term containing f s,k+q followed by
(10) The behavior of this expression at small q, which will be of interest for us, can be found in a closed form. In the small-q limit the coherence factors behave as
The values O(1) for intraband transitions and O(q 2 ) for interband transitions might suggest that the polarization function is dominated by the intraband transitions. However, as we now show, the interband and intraband contributions are of the same order of magnitude.
Indeed, the intraband contributions, s = s , can be rewritten by noting that upon integration over k only the even-k part of series ex-
As a sanity check, for parabolic band E k = k 2 /2m this yields the familiar "classical acceleration" result Π(ω, q) = The interband contributions, s = −s , can be simplified by noting that E s,k+q ≈ −E s ,k , giving
As a sanity check, at T = 0 the imaginary part of Π 2 , describing interband transitions, is nonzero only for 2E F < ω < 2W , as expected. The real part of Π 2 is negative at small ω and positive at large ω because the valence band contribution dominates over that of the conduction band.
Plasmon dispersion ω p is given by the solution of the equation ε(ω, q) = 0 with Π = Π 1 + Π 2 . Comparing the ω dependence of Π 1 and Π 2 , we see that at small frequencies, ω < 2E F , the intraband contribution Π 1 dominates. This gives the dispersion in (1) with
where the leading term β 0 = 4αv F E F / originates from Π 1 (see supplemental information) and the subleading qdependent contribution is due to Π 2 . Negative sign of Π 2 translates into β 1 < 0, softening the dispersion at low frequencies. This behavior, which holds the limit ω < 2E F , agrees with Refs. [1, 2, 22] .
In the same manner we can obtain the dispersion at high frequencies, ω > 2W (the intrinsically undamped regime). The analysis is again simplified by noting that, since α = e 2 / κv F 1, the relevant values of q are small compared to the Brillouin zone size, and thus the small-q limit considered above is sufficient to describe this new behavior. Taking both the intraband and interband contributions in the asymptotic form
The first term is identical to β 0 found at low frequencies, the second term is of a positive sign, λ 2 > 0, describing hardening of the plasmon dispersion due to interband transitions.
In the undamped regime, plasmon frequency peaks at q values on the order of Brillouin zone scale. The peak value of ω p , given in (2), can be found by estimating the energy differences E s,k+q − E s ,k in (10) as W and noting that the coherence band factor for large q is in general non-vanishing and of order 1. This gives for the practically interesting case of E F ∼ W the result ω p ∼ √ αW , which agrees with the dispersion ω p = √ βq = 2 αv F W q/ provided that v F q saturates at W . Indeed the estimated values of β 0 , β as compared to the fitted curve in Fig.1a (see supplemental information) indicate that ω p = βrelation from (1) is a good approximation for the plasmon dispersion at both small and large q.
The dielectric function of the two-band toy model faithfully reproduces all of the qualitative features expected for the TBG bandstructure. However, we find that, despite matching the bandwidth W and lattice period to those of TBG, the resulting plasmon dispersion extends to much higher energies then those that will be found below for the actual TBG bandstructure. This is simply because the two-band model does not account for the effects of interband polarization of higher electron bands, which renormalize the dielectric constant down and soften the plasmon dispersion. We account for this in the toy model case by rescaling the effective fine structure constant such that the resulting plasmon dispersion is comparable in magnitude to the TBG result. Specifically in the Fig. 1a we use an effective background dielectric constant κ = 12.12, which is four times larger than the dielectric constant κ = 3.03 corresponding to an air/TBG/hBN heterostructure.
Next, we turn to the analysis of plasmons in TBG flat bands at an experimentally relevant magic angle value θ = 1.05
• [12] [13] [14] . To accurately describe the TBG bandstructure and eigenstates we employ the effective continuum Hamiltonian H TBG introduced in Ref. [31] . The full discussion of the bandstructure details can be found in the supplemental material; here we only discuss two relevant energy scales: flat-band bandwidth W , and the gap ∆ between the flat-bands and the rest of the bandstructure. With regard to W value we note that, technically, the bandwidth of the flat-bands, as predicted by the continuum mode H TBG , is on the order of W ≈ 3.75 meV. However, the effective bandwidth relevant for the interband and intraband excitations is expected to be closer to W ≈ 2meV. This is because a vast majority of the bandstructure lies below 2meV scale. Furthermore, the states with energies outside −2 meV < E < 2 meV are small-k and, therefore, their contributions to polarization function, (13) , (12) , evaluated at small q are strongly suppressed. Similarly the bandgap as predicted by the continuum model is ∆ ≈ 11.75 meV, but the actual gap is still a subject of debate [32] .
The definition of the polarization function for the TBG continuum model is identical to the one of the tight binding toy model, (8) , with exception of requiring the valley and spin degrees of freedom to be accounted for explicitly, a larger number of electron bands and different coherence factors. The first two issues are resolved by promoting the band indices s, s in (8) to composite labels n, m, which range over all electron bands, spins σ and valleys ξ making the additional factor of 4 in front of (8) unnecessary. Instead of the toy model coherence factors we use the TBG coherence band factors F nm k+q,k , which are given by
where Ψ n,k (r) are the Bloch wavefunctions for momentum k and band/valley/spin composite label n, which diagonalize the continuum Hamiltonian (see supplemen- tal materials). The integral in (15) is carried over the moiré unit cell Ω.
Once the polarization function is evaluated, we can determine the dielectric function and identify TBG's collective modes from poles of 1/ε(ω, q), as above. An example of a TBG's dielectric function at approximately halffilling of the electron band, E F = 0.289 meV, is shown in Fig.3 . In discussing the figure it is helpful to contrast it with the calculation for the hexagonal-lattice toy model shown in Fig.1a . We again see a well defined intrinsically undamped plasmon mode ω p (red) positioned above the p-h continuum; the mode resides inside the band gap 2W < ω p < W +∆, which peaks at ω p ≈ 8.5 meV before decreasing and becoming almost flat ω p ≈ 6.5 meV at large momenta. In agreement with the analytic considerations above, we see the interband continuum extending from 2E F to 2W , but since E F = 0.289 meV is extremely small it makes the conventional (Landau-damped) part of plasmon dispersion ω < 2E F invisible on the figure.
There are several unique aspects of the TBG plasmon dispersion, as compared to the behavior of generic narrow-band plasmons discussed above. To analyze the dispersion at ω p > 2W , we proceed just as in the toy model case, rewriting the TBG polarization function in a slightly different form of (10) , where the indices n, m and the band coherence factor are modified as described above.
However, unlike the two-band toy model case, to proceed further analytically we need to split the summation over TBG bands in (10) into two general types of terms: pairs of indices n, m such that (on average) we expect ω 2 > (E m,k+q − E n,k ) 2 to hold, and pairs of indices n, m where the opposite ω 2 < (E m,k+q − E n,k ) 2 is true. To leading order in ω we can therefore rewrite the dielectric function as
where we defined two auxiliary functions:
and
Here the band summations and run over bands such that
2 , respectively. E.g. at large momenta, as seen in Fig.3 , the plasmon mode lies in the gap between the flat and non-flat bands and hence the B(q) summation extends only over the flat bands, whereas the summation in A(q) includes all of the remaining combinations of band indices. This allows us to write a closed form expression for the plasmon dispersion as
which must hold for both small and large q. We consider these two limits separately. At small q the matrix element of the Bloch wavefunctions, just as in the toy model case, favours the overlap between states from the same band. At the same time there are fewer states in the A(q) satisfying the condition ω 2 > (E n,k+q − E n,k ) 2 and hence A(q) vanishes for small q. This amounts to the plasmon dispersion ω p from (19) reducing to ω 2 p ≈ B(q) and, by comparison with (12), we similarly expect a conventional 2D plasmon dispersion ω p = βwith β q given by the series from (14) . As we see in Fig.3 , the ω p = βdispersion is a valid description only at very small q, as compared to the Fig.1a , which can be traced back to higher bands softening the plasmon dispersion through the A(q) term in (19) .
To determine how high the plasmon mode rises above the p-h continuum, we consider large q values comparable to the reciprocal lattice vector. The arguments similar to those in the toy model show that, since α 1, we have A(q)
1. The dependence on the e 2 /κq ratio therefore cancels between the A(q) and B(q) functions resulting in the value of the plasmon dispersion ω p ≈ B(q)/A(q) ∼ √ W ∆ ≈ 6.6 meV being dictated only by the continuum model's bandstructure parameters. This lack of explicit dependence on α suggests that, once the doping is such that α 1, the large-q value of ω p ≈ √ W ∆ becomes insensitive to doping (and hence Fermi velocity). This behavior is different than that in the toy model where ω p ∼ √ αW at large q. The relatively more week dependence on α in the TBG case is due to interband polarization involving higher bands, which significantly alters the effective dielectric constant. The weak q dependence at large q is in agreement with the properties of interband plasmons described in Ref. [15] .
Before closing, we note that suppressing damping has always been central to the quest for tightly-confined lowloss surface plasmon excitations. An early approach utilized surface EM modes traveling at the edge of an air/metal boundary [33] , in which dissipation is low because most of the EM field resides outside the metal, however the field confinement scale is on the order of optical wavelength. Next came surface plasmons propagating in high-mobility 2D GaAs-based electron gases and graphene-hBN heterostructures [27] , which can provide deep-subwavelength confinement [3] . However, plasmons in these systems are prone to a variety of dissipation mechanisms, with Landau damping usually regarded as the one that sets the fundamental limit on possible plasmon wavelengths and corresponding lifetimes. The possibility to overcome this fundamental limitation in narrow band systems such as moiré graphene, discussed above, opens a new line of investigation in graphene plasmonics. Damping-free plasmons can enable novel interference phenomena, dissipationless photon-matter coupling, and other interesting behaviors. It is also widely expected that low-dissipation plasmons can lead to unique applications for photon-based Quantum Information Processing [11] . Furthermore, reduced damping has more immediate consequences, as it translates into enhanced optical coherence that can be directly probed by scanning nearfield microscopy, as discussed above, providing a clear signature of the intrinsically undamped collective modes.
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SUPPLEMENTAL INFORMATION SPATIAL SPECKLE PATTERNS IN NEAR-FIELD OPTICAL MICROSCOPY
In this section we provide the analysis connecting (3) and the speckle patterns shown in Fig.1d and Fig.2a-d . For an in-depth discussion of the near-field optical microscopy measurement technique and quantitative modeling of the detected signal we refer the reader to Refs. [4, 5, 27] .
As argued in the main text, we can estimate the strength of the measured signal in the near-field opical microscopy by evaluating the equal-point correlation function (3), which here we restate for convenience:
It describes an amplitude of plasmon excitation, which traveled from the tip at position r to a disorder at position r and was then reflected back towards the tip at r. Here the Green's function G E (r) of the plasmon excitation of wavenumber q 0 is taken in the limit rq 0 1 as
which describes radially propagating waves. The factor e −δ|r| describes damping due to phonons and other inelastic processes. Upon substitution of the Green's function into (S.1), the measured signal S(r) is given by
This expression, which is a convolution of two functions, will generate a product under Fourier transform. For purposes of Fig.1d and Fig.2a-d we evaluate the above convolution numerically by using the convolution theorem. That is, we first perform a fast Fourier transform of both terms individually, multiply them together and then carry out an inverse transform. The ring-like distribution of spectral weight in k space, shown in the insets of the Fig.1d and Fig.2a-d , is the intermediate step of this process. An analytic experession for this quantity can be determined by evaluating the Fourier transform of the signal S(r)
As expected by the convolution theorem the expression factorizes into two separate integrals
2π|r| , (S.5) where the first integral is nothing but the Fourier harmonic of η(x) and in the second integral we performed a variable change r − r → r. To evaluate the integral over d 2 r we first integrate over |r| and then perform angular integration using the identity
After plugging a = k, b = 2k 0 + 2δi this gives (4) of the main text.
BEHAVIOR OF THE INTRABAND AND INTERBAND POLARIZATION FUNCTIONS
Π1(ω, q) AND Π2(ω, q).
Here we estimate λ 1 and λ 2 coefficients discussed in the main text for the toy model. Let us start with the λ 2 coefficient corresponding to the intraband transitions. In the small q the interband coherence factor from (9) is non-zero only in proximity of the K and K points. Near these points a linear dispersion E s,k = sv F k is a good approximation of the actual bandstructure. In that limit, the small q interband coherence band factor from (11) becomes
where θ is the angle between k and q. Consequently the Π 2 (ω, q) is given by:
In the above we used the linear dispersion approximation E s,k = sv F k for the whole band and accounted for the K and K points through an additional factor of 2. This gives
with the first term originating from the conduction band and the second term from the valence band contribution. This results in
We now proceed to estimate the λ 1 . Let us place the Fermi energy in the conduction band, which immediately implies that the interband contribution to the polarization function is non-vanishing only in the conduction band. To see this, let us go back to the (10), which for s = s = −1 and small q is As argued in the paragraph with (14) , the above result is exactly the same in the ω < 2E F regime and, therefore,
Going back to the ω > 2E F limit and using λ 1 , λ 2 derived above gives a plasmon dispersion ω p = √ βq with β = 2πe 2 κ (λ 1 + λ 2 ) = 4αv F W (S. 16) We thus see that at small ω < 2E F the plasmon dispersion goes as ω p = 2 √ αv F E F q and hardens at high energies ω > 2W , ω p = 2 √ αv F W q by a factor W/E F . The last energy region missing from the above analysis of the plasmon dispersion is that of the interband p-h continuum, 2E F < ω < 2W . Working again in the small q limit, we find the As pointed out earlier, only the interband contribution to the polarization function Π 2 (ω, q) develops an imaginary part, whilst the intraband polarization function Π 1 (ω, q) is simply given by the (S.13).
To determine the form of Π 2 (ω, q) in the interband p-h continuum energy range, let us approximate the coherence factor as in (S.7) giving
(S.17) where we used the linear approximation to the energy dispersion E s,k = sv F k for the whole band and again accounted for the K and K points with an additional factor of 2. After carrying out the integrations we arrive at:
Here Θ(x) is the Heaviside function guaranteeing that the imaginary part is non-zero only in the 2E F < ω < 2W region. The dielectric function in the interband continuum region is therefore ε(ω, q) = 1 − β 0 q ω 2 + i β 0 π E F q ω , (S. 19) which shows that the collective mode ω p in the 2E F < ω p < 2W region
is a √ β 0 q dispersing plasmon, which gets rapidly damped by pair production.
We finish the discussion of the collective modes by comparing the analytically predicted dispersion with the numerical result seen in Fig.1a . While the simulated dispersion closely follows the square-root dependence ω p ∝ √ q,
